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Centromeres are defined by the presence of the
histone H3 variant CENP-A in a subset of centromeric
nucleosomes. CENP-A deposition to centromeres
depends on a specialized loading factor from yeast
to humans that is called CAL1 in Drosophila. Here,
we show that CAL1 directly interacts with RDX, an
adaptor for CUL3-mediated ubiquitylation. However,
CAL1 is not a substrate of the CUL3/RDX ligase but
functions as an additional substrate-specifying
factor for the CUL3/RDX-mediated ubiquitylation of
CENP-A. Remarkably, ubiquitylation of CENP-A by
CUL3/RDX does not trigger its degradation but stabi-
lizes CENP-A and CAL1. Loss of RDX leads to a rapid
degradation of CAL1 and CENP-A and to massive
chromosome segregation defects during develop-
ment. Essentially, we identified a proteolysis-inde-
pendent role of ubiquitin conjugation in centromere
regulation that is essential for the maintenance of
the centromere-defining protein CENP-A and its
loading factor CAL1.
INTRODUCTION
Cell division is essential for organismal development, and accu-
rate chromosome segregation during mitosis is instrumental for
preventing genomic instability. The centromere is the site of
kinetochore formation that ensures that chromosomes properly
attach to the spindle microtubules (Tanaka, 2013). The propaga-
tion and maintenance of centromeric chromatin is largely inde-
pendent of the underlying DNA sequences but is defined by the
presence of the conserved histone H3 variant CENP-A (also
called CID in Drosophila). In contrast to canonical nucleosomes,
CENP-A-containing nucleosomes are assembled in a replica-
tion-independent manner and rely on distinct loading machin-
eries (Shelby et al., 2000). In flies, the loading factor chromosome
alignment defect 1 (CAL1) associates with prenucleosomal
CENP-A in the cytoplasm and mediates its loading onto centro-
meric chromatin during mitosis (Chen et al., 2014; Dunleavy
et al., 2012;Mellone et al., 2011; Schuh et al., 2007). Furthermore,508 Developmental Cell 28, 508–519, March 10, 2014 ª2014 ElsevierCAL1 is important for CENP-A protein stability and vice versa
(Erhardt et al., 2008). Although CAL1 is of utmost importance
for centromeres and chromosome segregation, little is known
about the molecular mechanisms that regulate its function.
Similar to most regulated cellular processes, kinetochore for-
mation and chromosome segregation depend in part on protein
modifications such as phosphorylation or ubiquitylation (Foley
and Kapoor, 2013). A recent example is given with the phosphor-
ylation of human CENP-A that is required for mitotic progression
(Bailey et al., 2013; Goutte-Gattat et al., 2013).
Known functions of ubiquitylation in centromere regulation are
exclusively related to proteolysis (Au et al., 2013; Hewawasam
et al., 2010; Moreno-Moreno et al., 2006, 2011; Ranjitkar et al.,
2010). In flies, for instance, the E3 ligase SCF/PPA is required
to restrict CENP-A to centromeres by mediating the degradation
of excessive protein (Moreno-Moreno et al., 2006, 2011). Gener-
ally, the attachment of ubiquitin to target proteins can have
diverse functions: besides protein degradation, it can alter the
protein’s localization or affect its affinity to binding partners
(Haglund and Dikic, 2005). To mediate these diverse functions,
ubiquitylation comes in a variety of facets encompassing the
conjugation of single or multiple ubiquitin moieties to one or
several lysine residues of the target protein. The recognition by
the 26S proteasome requires chains of at least four ubiquitin
moieties; consequently, monoubiquitylation and short ubiquitin
chains regulate the substrate without proteasomal targeting.
Ubiquitin attachment to substrates is mediated by an enzymatic
cycle that requires the activation of ubiquitin by an E1 enzyme,
ubiquitin conjugation by an E2 enzyme, and finally the transfer
of ubiquitin to the substrate by an E3 ligase (Kerscher et al.,
2006). The E3 ligase Cullin3 (CUL3) has been especially
described as a regulator of mitotic processes in humans; it influ-
ences the localization of Aurora B and triggers the dissociation of
PLK1 from kinetochores in metaphase (Beck et al., 2013; Moghe
et al., 2012; Sumara et al., 2007). CUL3-based ligases engage
their substrates through adaptor proteins that contain a BTB
(Bric-a-brac/Tramtrack/Broad) domain for CUL3 binding and a
substrate recognition domain, such as a MATH, ANK, or Kelch
domain (Pintard et al., 2004).
Here, we address the functional role of a CUL3 ligase complex
in centromere regulation in Drosophila tissue culture cells and
embryos. We describe a previously unidentified CAL1-interac-
tion partner, the CUL3 adaptor protein Roadkill (RDX), and its
requirement to stabilize CAL1 protein levels and centromericInc.
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Figure 1. The Adaptor Protein RDX Is a
Binding Partner of CAL1
(A) YTH experiments using either CAL1 (left) or
RDX (right) as bait. The blue color of the colonies
indicates that CAL1 and RDX are interacting
partners and that the interaction takes place in
both directions.
(B) CoIP experiment of HA-RDX and CAL1. Whole-
cell extract of stable S2 cells constitutively
expressing either HA-RDX or HA-only were sub-
jected to immunoprecipitation with a-HA anti-
bodies covalently linked to agarose beads.
Developmental Cell
CAL1-Dependent Ubiquitylation of CENP-Alevels of CENP-A. We show that CAL1 specifically binds to
RDX through conservedRDX-binding sites and acts as an essen-
tial bridging factor for CUL3/RDX-mediated ubiquitylation of
CENP-A. We present a proteasome-independent function of
ubiquitin conjugation in centromere maintenance and show that
the adaptor-mediated CUL3 recruitment can be indirect through
an additional interacting partner that is not recognized as a sub-
strate by CUL3. Our data provide insights into centromere regu-
lation by a degradation-independent ubiquitylation pathway.
RESULTS
The Adaptor Protein RDX Is a Binding Partner of CAL1
The CENP-A-specific loading factor CAL1 is an essential protein
but contains no conserved domain that allows the prediction of
its mechanistical pathway (Figure 1A). We therefore decided to
identify interacting partners of CAL1 by performing a genome-
wide yeast two-hybrid (YTH) screen (data not shown). Thereby,
RDX, an exchangeable adaptor subunit for CUL3-mediated
ubiquitylation, was revealed as a binding partner. We confirmed
that the YTH interaction of CAL1 and RDX took place indepen-
dent of whether CAL1 (Figure 1A, left) or RDX (Figure 1A, right)
was used as bait. We validated the interaction of CAL1 and
RDX by performing coimmunoprecipitation (coIP) experiments
using a stable Drosophila Schneider S2 cell line constitutively
expressing hemagglutinin (HA)-RDX that coimmunoprecipitated
endogenous CAL1 (Figure 1B). We conclude that RDX and CAL1
are bona fide interacting partners.
RDX Depletion Results in CAL1 Degradation
To address the biological significance of the interaction between
CAL1 and RDX, we depleted RDX by RNA interference (RNAi) in
S2 cultured cells and analyzed changes in CAL1 protein levels by
western blot (WB) analysis (Figure 2A; Figures S1A and S1B
available online). In line with what has been reported for rdx fly
mutants (Kent et al., 2006), RDX depletion by RNAi in cultured
cells impaired viability. Cells could therefore only be analyzed
up to 3 days after RNAi treatment. We initially expected an in-
crease of CAL1 protein levels in the absence of RDX; instead,
we revealed a very strong reduction of endogenousCAL1 protein
in whole-cell extract to approximately 20% of the control situa-
tion (Figure 2A). Importantly, CAL1 protein levels were restored
when RDX depletion was combined with subsequent protea-
some inhibition by MG132, indicating that in the absence of
RDX CAL1 is a substrate of proteasome-mediated protein
degradation (Figure 2B). Consistently, we observed a significant
decrease in both the overall nuclear and centromeric intensity ofDeveloGFP-CAL1 upon RDX depletion in immunofluorescence (IF)
experiments (Figures 2C–2E). The localization of residual GFP-
CAL1 and the number of its centromeric dots, however, ap-
peared unchanged (Figures 2C and S1C). Noteworthy, protein
levels of GFP-tagged CAL1 were less affected by RDX depletion
than endogenous CAL1 (Figure S1D). This may explain why
GFP-CAL1 was still visible at centromeres by IF and suggests
a slight stabilization of CAL1 by GFP.
rdx expression is relatively high in the developing embryo
(modENCODE). Consequently, we used transgenic UAS-rdx-
RNAi flies and the early embryonic GAL4 driver armadillo-GAL4
to specifically deplete RDX during early fly development. Consis-
tentwithpreviouslypublisheddata from rdxgermlineclones, these
embryos displayed an uneven nuclear spacing (Figure S3A) (Kent
et al., 2006). More importantly, CAL1 intensities were strongly
reduced in the absence of RDX, supporting our IF and WB results
from cell culture experiments (Figures 2F and 2G). Altogether
these findings indicate that RDX is a regulator of CAL1 protein
levels that prevents CAL1 from degradation by the proteasome.
RDXBinds Two Serine/Threonine-RichMotifs within the
C Terminus of CAL1
RDX and its orthologs have been described as adaptor proteins
for CUL3-mediated ubiquitylation of substrate proteins (Furu-
kawa et al., 2003; Pintard et al., 2004; Xu et al., 2003). We there-
fore set out to identify the regions required for the interaction. To
map the RDX-binding sites within CAL1, we performed YTH
assays using different N- and C-terminal truncations of CAL1
protein (Figure 3A). Hereby, CAL1D116 was the construct used
for the initial genome-wide YTH screen identifying RDX as
CAL1 interaction partner (data not shown). The N terminus of
CAL1 (CAL1D116) was dispensable, whereas the C terminus
of CAL1 (CAL1D679) was sufficient tomediate the interaction (Fig-
ure 3B). To identify the binding sites within CAL1, we utilized a
previously published consensus sequence for the human
ortholog of RDX, SPOP, and bioinformatically predicted two
C-terminally located serine/threonine-rich motifs as putative
RDX-binding sites (RBS1 = CAL1690–694 and RBS2 =
CAL1849–853) (Zhuang et al., 2009). Indeed, mutagenesis of these
two sites (CAL1RBS1/2) was sufficient to fully prevent the binding
of RDX to CAL1 in our YTH assay (Figure 3B).
RDX contains a MATH domain for substrate recognition and a
BTB domain for association with the E3 ligase (Figure 3A) (Kent
et al., 2006; Xu et al., 2003). We tested by YTH whether the
MATH domain of RDX (RDXMATH) is sufficient for CAL1 binding.
However, neither the BTB domain (RDXBTB) nor RDXMATH alone
could mediate the interaction with CAL1. This suggests thatpmental Cell 28, 508–519, March 10, 2014 ª2014 Elsevier Inc. 509
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Figure 2. Depleting RDX Triggers the Degradation of CAL1
(A) Western blot analysis using whole-cell extract of S2 cells either mock-treated or depleted of RDX. Endogenous CAL1 levels were strongly reduced upon RDX
removal. CAL1 levels were normalized to actin levels.
(B) Cells were depleted of RDXwith or without inhibiting the proteasomewithMG132 for 16 hr. CAL1 levels were restored upon proteasome inhibition. CAL1 levels
were quantified relative to the actin levels.
(C) RNAi of RDX in GFP-CAL1 cells. Cells were either mock-treated or treated with RDX dsRNA. Cells were fixed on day 3 and stained with DAPI (blue) and tubulin
(red). Scale bar, 10 mm.
(D and E) Quantification of the overall nuclear intensity (D) and the intensity of centromeric (E) GFP-CAL1 signal of the IF experiment shown in (C). The nuclear and
the centromeric intensities of GFP-CAL1 were significantly lower (p < 0.0001) upon RDX depletion. The p value was determined using the Student’s t test. The
number of cells (D) and centromeric dots (E) that were analyzed is indicated (n). Data are mean ± SEM.
(F) The 2- to 6-hr-old embryos were collected and stained with DAPI (blue) and CAL1 (red). Representative IF images of a control embryo (2.5 hr old) and an
embryo depleted of RDX (3 hr old) are shown. Scale bar, 10 mm.
(G) Quantification of the nuclear CAL1 signal of control embryos and RDX depleted embryos as shown in (F). The number of cells used for the quantification is
indicated. At least five different embryos were used per condition. Data are mean ± SEM.
See also Figure S1.
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Figure 3. Two RDX-Binding Sites within the CAL1 C Terminus Mediate the Interaction
(A) RDX and CAL1 truncation constructs that were used for the YTH.
(B) YTH experiments using CAL1 as bait mapping CAL1 and RDX interaction sites. Neither RDXMATH nor RDXBTB was sufficient to mediate the interaction. CAL1
contains two C-terminally located serine/threonine-rich stretches (RBS1/2) that are crucial for RDX binding.
(C) S2 cells expressing mCherry-tubulin in combination with either GFP-CAL1wt or GFP-CAL1RBS1/2 were fixed and stained with DAPI (blue). Scale bar, 10 mm.
(D and E) Single-cell quantifications of the mean intensities of the overall nuclear (D) and the centromeric (E) GFP signal of the images shown in (C). Significance
was determined using the Student’s t test. The number of cells and centromeric dots used for the quantification is indicated (n). Data are mean ± SEM.
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CAL1-Dependent Ubiquitylation of CENP-Aadditional amino acids are required or, alternatively, that the pre-
viously described dimerization of RDX is important for CAL1
binding (Figure 3B) (Zhang et al., 2009).
We next set out to test whether CAL1RBS1/2 mutant protein is
destabilized in Drosophila cells similar to what we see when
RDX is depleted.We generated a stable S2 cell line constitutively
expressing low levels of GFP-CAL1 carrying point mutations
within the two RDX-binding sites (GFP-CAL1 RBS1/2). In agree-
ment with our results obtained upon RDX depletion and the
YTH assay, the nuclear and centromeric levels of GFP-
CAL1RBS1/2 were significantly reduced when compared to GFP-
CAL1wt (Figures 3C–3E). Low residual levels of GFP-CAL1RBS1/2
can be explained by a possible dimerization of GFP-CAL1RBS1/2
with endogenous CAL1 (Erhardt et al., 2008). These results
show that the binding of RDX to CAL1 contributes to CAL1 stabil-
ity and that the two conservedRBSdomains ofCAL1mediate the
binding of RDX to CAL1. Based on these results, we conclude
that RDX and CAL1 are direct binding partners and bind to
each other through conserved RBS within CAL1.DeveloCUL3 Regulates CAL1 Protein Levels
Considering that RDX is a substrate-specific adaptor for
CUL3-based E3 ubiquitin ligases, we next determined
whether CAL1 is regulated by RDX in a CUL3-dependent
manner and whether this E3 ligase complex ubiquitylates
CAL1 in vitro. First, we tested whether CUL3 is part of the
RDX-mediated CAL1 regulation by overexpressing a domi-
nant-negative CUL3 (dnCUL3) that lacks the C-terminal
binding domain for the catalytic subunit RBX1 and therefore
abrogates the function of endogenous CUL3 (Figure S2A)
(Ang et al., 2008; Moghe et al., 2012). Consistent with its
previously described role in cytokinesis, overexpression of
dnCUL3 in S2 cells caused an increase in polynucleated cells
(Figures S2B and S2C) (Moghe et al., 2012; Sumara et al.,
2007). Importantly, it also resulted in a significant decrease of
CAL1 protein levels, similar to what we have observed upon
RDX depletion (Figure 4A). Hence, this result strongly suggests
that RDX stabilizes CAL1 protein levels in a CUL3-dependent
manner.pmental Cell 28, 508–519, March 10, 2014 ª2014 Elsevier Inc. 511
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Figure 4. RDX-CUL3 Complexes Ubiquitylate CENP-A in a CAL-Dependent Manner
(A) Western blot analysis addressing endogenous CAL1 protein levels in the presence or absence of dnCUL3-V5-His overexpression (±CuSO4). CAL1 levels were
strongly reduced in cells overexpressing dnCUL3. Numbers represent CAL1 levels relative to the corresponding actin levels.
(B) Schematic depiction of CAL1 functioning as bridging factor for CUL3/RDX-mediated ubiquitylation.
(C) In vitro ubiquitylation assay using GFP-CENP-A purified from S2 cells as substrate. The reaction was carried out with 75 mM FLAG-ubiquitin, 170 nM Ube1,
1 mMUbcH5b, and 5 mM ATP in the presence or absence of HA-RDX immunoprecipitates. GFP-CENP-A is exclusively ubiquitylated in the presence of HA-RDX
immunoprecipitates. The western blot was probed with a-CENP-A.
(D) In vitro ubiquitylation assay of His-Sumo-CENP-A (0.1 mM) with or without His-Sumo-CAL1 (0.1 mM) and HA-RDX immunoprecipitates. The ubiquitylation of
recombinant CENP-A was dependent on the presence of recombinant CAL1. The western blot was probed with a-CENP-A.
(E) In vitro ubiquitylation assay using methylated ubiquitin as ubiquitin source. The ubiquitylation pattern of CENP-A did not change. The western blot was probed
with a-CENP-A.
(F) Pull-down experiment of CENP-A-V5-His. CENP-A-V5-His was purified from S2 cells using His SpinTrap columns before subjecting the purified protein (Input)
to a-ubiquitin or a-immunoglobulin G immunoprecipitates (IPs). Only the a-ubiquitin IP resulted in a higher running CENP-A-V5-His signal. The western blot was
probed with a-CENP-A.
(G) Western blot analysis of chromatin-bound CENP-A levels in the presence or absence of RDX-V5-His overexpression for 16 hr (±CuSO4). The amount of
modified CENP-A (55 kDa) increased upon RDX overexpression.
See also Figure S2.
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CAL1-Dependent Ubiquitylation of CENP-ACUL3/RDX Complexes Ubiquitylate CENP-A
Our results so far suggested that CAL1 might be targeted for
a CUL3/RDX-dependent ubiquitylation event that is required
for protein stability rather than degradation. To address this
question, we purified recombinant His-Sumo-CAL1 and per-
formed in vitro ubiquitylation assays using HA-RDX complexes
precipitated from S2 cells as a source of E3 ligases. However,
we did not detect any RDX-dependent ubiquitylation of CAL1
and had to conclude that even though CAL1 is a bona fide inter-
acting partner of RDX, CAL1 is not a substrate of the CUL3/RDX
ligase (Figure S2D). It was also conceivable that CAL1, instead
of being the acceptor of ubiquitin itself, functions as a linker for
CUL3/RDX and an unknown substrate for ubiquitylation (Fig-
ure 4B). Because CAL1 functions as loading factor for CENP-A,
CENP-A represented the most likely candidate for such an
unknown substrate (Erhardt et al., 2008; Mellone et al., 2011;
Chen et al., 2014). We therefore performed in vitro ubiquitylation
assays using GFP-CENP-A purified from S2 cells as potential
substrate. Indeed, HA-RDX complexes stimulated the ubiquity-
lation of GFP-CENP-A (Figure 4C). Because interaction partners
of CENP-A such as CAL1 that copurifiedwith GFP-CENP-Awere
present during the in vitro ubiquitylation reaction (Figure S2E), we
reconstituted the system in vitro. We used recombinant His-
Sumo-CENP-A and performed the in vitro ubiquitylation assay
with or without recombinant CAL1 added to the reaction. HA-
RDX complexes stimulated the ubiquitylation of His-Sumo-
CENP-A specifically in the presence of CAL1 (Figure 4D).
CENP-A did not get ubiquitylated when CAL1 was absent,
supporting our finding that CAL1 is an adaptor protein between
RDX and CENP-A. In line with these results, we did not find any
conserved RDX-binding sites within CENP-A, nor did CENP-A
and RDX interact in YTH experiments, where CAL1 and RDX
clearly show an interaction (Figure S2F). Noteworthy, the modifi-
cation pattern of CENP-A differed depending on the experi-
mental setup; whereas GFP-CENP-A purified from S2 cells
was exclusively monoubiquitylated, bacterially expressed His-
Sumo-CENP-A was modified with up to four ubiquitin moieties
representing either CENP-A multiubiquitylation on different
lysine residues or, alternatively, a polyubiquitylation chain on
an individual lysine residue (Figures 4C and 4D). To reveal further
details of the nature of the attached ubiquitin moieties, we
included methylated ubiquitin that renders all seven lysine
residues of ubiquitin incapable of forming polyubiquitin chains
(Hershko and Heller, 1985). The use of methylated ubiquitin did
not alter the ubiquitylation pattern of CENP-A, indicating that
His-Sumo-CENP-A was multiubiquitylated on different lysines
(Figure 4E). Because most polyubiquitin chains are formed
through either lysine 48 or lysine 63 (Peng et al., 2003), we tested
whether the ubiquitylation pattern of CENP-A changes upon use
of the corresponding ubiquitin mutants. Neither the use of a
K48R mutant nor the use of a triple K29,48,63R mutant influ-
enced the modification pattern of His-Sumo-CENP-A (Fig-
ure S2G), further supporting monoubiquitin on multiple lysines
rather than a polyubiquitin chain.
The different ubiquitylation patterns of recombinant CENP-A
versus purified GFP-CENP-A might arise from the presence
of coimmunoprecipitated binding partners, such as histone H4
that possibly renders several lysine residues within GFP-
CENP-A inaccessible. We therefore set out to test the ubiquity-Develolation pattern of CENP-A in vivo. We isolated CENP-A-V5-His
from S2 cells using His SpinTrap columns and subjected purified
CENP-A-V5-His to pull-down assays with an antibody recog-
nizing ubiquitylated proteins or immunoglobulin G control.
Higher-running CENP-A-V5-His (around 55 kDa) was specifically
precipitated with the anti-ubiquitin antibody, indicating that
CENP-A-V5-His is also ubiquitylated in vivo (Figure 4F). To attri-
bute the occurrence of higher-running CENP-A to the presence
of RDX, we overexpressed RDX-V5-His in S2 cells, isolated the
chromatin fraction and measured the ratio of unmodified to
modified CENP-A. Under uninduced conditions, about 62% of
chromatin-bound CENP-A is modified (Figure 4G). Upon RDX
overexpression, the amount of ubiquitylated CENP-A increases
to about 75%, supporting our hypothesis that RDX drives
CENP-A ubiquitylation (Figure 4G). Together, these findings
show that CAL1 acts as an additional linker for CENP-A ubiqui-
tylation by CUL3/RDX.
Downregulation of RDX Affects Centromere
Maintenance
Because CUL3/RDX complexes ubiquitylate CENP-A in vitro
and CAL1 and CENP-A protein levels are interdependent, we
speculated that depleting RDX would affect CENP-A protein
levels similar to the levels of its loading factor, CAL1 (Erhardt
et al., 2008). We depleted RDX in S2 cells and subsequently
measured nuclear CENP-A levels. Nuclear CENP-A levels
were significantly decreased upon downregulation of RDX in
IF experiments (Figures 5A and 5B). In agreement with our
results obtained from S2 cells, CENP-A intensities were drasti-
cally lower in fly embryos depleted of RDX, confirming an un-
expected role of RDX in centromere maintenance (Figures 5C
and 5D).
Because loss of CENP-A levels in RDX-depleted fly embryos
indicated that CENP-A protein is ubiquitylated at this stage,
we therefore prepared whole-cell extracts of 0- to 6-hr-old
embryos that were treated with N-ethylmaleimide (NEM) to block
deubiquitylation events. We thereby observed CENP-A as
a 55 kDa protein in Oregon R control lysate (Figure 5E). Inter-
estingly, its size is comparable to the one of ubiquitylated
CENP-A moieties in S2 cells (Figures 4F and 4G). Unmodified
CENP-A has a predicted molecular weight of around 26 kDa.
We therefore validated the specificity of the 55 kDa band by
depleting CENP-A in early embryos and by analyzing changes
in its protein levels. Indeed, the 55 kDa band was reduced by
roughly 40% upon CENP-A depletion, confirming its specificity
(Figure 5E).
In addition to the reduced CENP-A levels in RDX-depleted
embryos, we observed highly fragmented chromosomes and
additional microtubule aster formation around the spindle poles
in the absence of RDX (Figures 5F, 5G, S3A, and S3B). Chromo-
some fragmentation was counted more often in metaphase than
in anaphase cells. Whereas 73% of metaphase cells displayed
chromosome fragmentation, this was the case in 40% of
anaphase cells (Figures 5G and S3B). This discrepancy is
probably only technical, because DNA fragments often localized
close to the spindle poles, making the quantification of anaphase
figures more challenging. Thus, we conclude that RDX is an
essential factor for centromere maintenance, cell division, and
therefore genome stability.pmental Cell 28, 508–519, March 10, 2014 ª2014 Elsevier Inc. 513
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Figure 5. RDX Depletion Interferes with Centromere Maintenance
(A) S2 cells were depleted of RDX, fixed after 3 days, and stained with DAPI (blue), tubulin (red), and CENP-A (green). Scale bar, 10 mm.
(B) Quantification of the overall nuclear CENP-A signal of the IF experiment shown in (A). The nuclear intensity of CENP-A was found significantly decreased
(p < 0.0001) upon RDX depletion. The p value was determined using the Student’s t test. The number of cells used for the different conditions is indicated (n). Data
are mean ± SEM.
(C) The 2- to 6-hr-old embryos were stained for DAPI (blue) and CENP-A (red). Representative IF images showing a control embryo (2.5 hr old) and an embryo
depleted of RDX (3–3.5 hr old) are shown. Scale bar, 10 mm.
(D) Quantification of the overall nuclear CENP-A levels of control andRDX-depleted embryos as shown in (C). The quantification is based on five different embryos
per sample. n = number of cells. Data are mean ± SEM.
(E) Western blot analysis of CENP-A in whole-cell lysates of 0- to 6-hr-old control embryos and embryos depleted of either RDX or CENP-A. A CENP-A specific
band running at 55 kDa was severely reduced in RDX- and CENP-A-depleted embryos. The 55 kDa band was quantified relative to the corresponding H3 levels.
*Unspecific band.
(legend continued on next page)
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Phenotypes
CENP-A overexpression leads to chromosome instability and
cell death. When CENP-A overexpression is restricted to the
developing eye, flies are viable but display a rough-eye pheno-
type due to segregation defects (Heun et al., 2006; Ja¨ger et al.,
2005). These flies can be used to genetically identify interaction
partners of CENP-A based on their mutants’ ability to suppress
or enhance the rough-eye phenotype (Ja¨ger et al., 2005). We
tested whether RDX and CENP-A genetically interact by
crossing flies overexpressing UAS-cenp-a in the eye imaginal
disc to three independent hypomorphic rdx mutants (Kent
et al., 2006; Seong et al., 2010). RDX has five different splice
variants (rdx-A to rdx-E) that are generated by four alternative
transcriptional start sites (Figure 6C). rdx1 mutants carry a
LacW insertion near the start of exon 5, thereby exclusively
affecting the longest isoform E, whereas rdx5 and rdx6 carry point
mutations within the C terminus common to all isoforms (Fig-
ure 6C) (Kent et al., 2006). All three rdx mutants suppressed
the rough-eye phenotype, indicating that RDX and CENP-A
genetically interact (Figure 6A).
The partial rescue of the rough-eye phenotype suggested that
RDX not only affects endogenous CENP-A levels but also over-
expressed CENP-A. Next, we depleted RDX in S2 cells over-
expressing CENP-A-V5-His and analyzed whether the removal
of RDX modulates the protein levels of CENP-A-V5-His. Indeed,
CENP-A-V5-His levels were strongly reduced upon RDX deple-
tion (Figure 6B). This indicates that the observed suppression
of the eye phenotype in CENP-A-overexpression flies is caused
by the loss of overexpressed CENP-A protein in rdx mutants
similar to what we observe to endogenous CENP-A.
Transcripts of the longest isoform, E, were previously sug-
gested to represent the predominant rdx transcript (Kent et al.,
2006), which was supported by our finding that rdx1 mutants
suppress the CENP-A phenotype. Accordingly, it was sufficient
to exclusively downregulate RDX-E to cause a decrease in
CAL1 levels in S2 cells (Figures 6D and S1E). The overexpression
of the shortest isoform, RDX-B, in S2 cells depleted of RDX-E,
however, fully rescued CAL1 protein levels, indicating that
both isoforms are functionally redundant (Figures 6D, S4A, and
S4B). This rescue experiment is also in line with our YTH results
where the variable N-terminal part of RDX was dispensable for
its interaction with CAL1. Based on these experiments, we
conclude that predominantly RDX-E mediates the maintenance
of CENP-A protein levels and that it is involved in regulating
the amount of CENP-A even when CENP-A levels are artificially
elevated.
DISCUSSION
In this study, we describe an essential function of CUL3/RDX in
centromere regulation. Besides influencing the stability of the(F) Early embryos (<6 hr) were stained with DAPI (blue) and tubulin (red). Represe
old). RDX depletion induced chromosome fragmentation and alignment defects
(G) Quantification of the percentage of metaphase and anaphase cells displaying
graph is based on 31 control and 27 RDX-depleted embryos. n = number of ana
See also Figure S3.
Develotwo most essential proteins of centromeric identity in flies,
namely CENP-A and CAL1, we also show that the CUL3/RDX
complex ubiquitylates CENP-A (Figure 7). This ubiquitylation
event strictly depends on the presence of CAL1, indicating that
CAL1 functions as an adaptor protein for the enzymatic reaction.
A similar mechanism was proposed for the yeast E3 ligase SCF/
Met30 that relies on the transcription factor Met4 to recruit the
Met4-binding partnersMet31, Met32, and Cbf1 for ubiquitylation
(Ouni et al., 2010). In the case of SCF/Met30, Met4 itself is
ubiquitylated. However, CAL1 is not a substrate of CUL3/RDX
(Figure S2D). Remarkably, the attachment of ubiquitin to
CENP-A does not mark it for degradation but stabilizes CENP-A
protein levels. We therefore propose that this ubiquitylation
event induces a conformational change within the CAL1/
CENP-A complex or, alternatively, increases its affinity toward
centromeric chromatin, where it is protected from proteasomal
degradation (Moreno-Moreno et al., 2006, 2011). CENP-A
ubiquitylation has been described previously, but only in relation
to the degradation of excess CENP-A (Au et al., 2013; Hewawa-
sam et al., 2010; Moreno-Moreno et al., 2006, 2011; Ranjitkar
et al., 2010). A proteolysis-independent function of ubiquitin
conjugation to CENP-A is therefore a mechanism of centromere
regulation.
In S2 cells, newly synthesized CAL1 is deposited at centro-
meres in prophase, preceding CENP-A loading in metaphase
(Mellone et al., 2011). Based on this observation, CAL1, similar
to the Mis18 complex in humans, was suggested to prime the
centromere before assisting in CENP-A loading (Mellone et al.,
2011; Pauleau and Erhardt, 2011). Furthermore, CAL1 and
CENP-A protein levels are interdependent (Erhardt et al.,
2008). Because CAL1 is required for presenting CENP-A to
CUL3/RDX and is thus crucial for the attachment of ubiquitin to
CENP-A, our data are in line with a dual role of CAL1 in both
loading and stabilizing CENP-A protein. Interestingly, even
though CAL1 is not a direct substrate of CUL3/RDX, RDX deple-
tion triggers the degradation of CAL1, suggesting that the direct
interaction of RDX and CAL1 stabilizes CAL1, possibly by pro-
tecting it from the interaction with different ubiquitin ligase com-
plexes that mediate CAL1 degradation. Alternatively, the CUL3/
RDX-mediated CENP-A ubiquitylation in turn is required to stabi-
lize CAL1 protein. CAL1 itself lacks any described degradation
domains and the enzymatic machinery mediating the process
is still unknown. Overexpressing dnCUL3 causes a decrease in
CAL1 protein levels similar to the depletion of RDX (Figure 4A).
Consequently, we can exclude an involvement of CUL3 in the
CAL1 degradation pathway. Identifying the E3 ligase that limits
the amount of available CAL1 will be important to fully under-
stand the ubiquitination machinery involved in centromere main-
tenance in the future.
Our data show that CAL1 and RDX are interaction partners.
However, RDX, although a nuclear protein, does not specifically
enrich at centromeres to colocalize with CAL1 and CENP-Antative IF images showing early control and RDX-depleted embryos (1.5–2 hr
during mitosis. Scale bars, 10 mm.
fragmented chromosomes upon RDX depletion in 0- to 6-hr-old embryos. The
lyzed cells.
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Figure 6. RDX Mutants Suppress CENP-A
Overexpression
(A) Eyes of adult flies ectopically expressing UAS-
cenp-a in the developing eye under the control of
GMR-GAL4. Control flies (left image) show the
rough-eye phenotype caused by CENP-A over-
expression. The other three flies additionally carry
heterozygous partial loss of function alleles of rdx.
All three rdx mutants suppress the rough-eye
phenotype caused by CENP-A overexpression.
(B) S2 cells stably transfected with the CuSO4-
inducible construct pmt-CENP-A-V5-His were
either mock-treated or depleted of RDX by RNAi.
CENP-A-V5-His overexpression was induced
24 hr later with 1 mM CuSO4. Cells were collected
48 hr later and analyzed by western blotting.
CENP-A-V5-His levels were strongly reduced in
cells depleted of RDX. CENP-A-V5-His levels were
normalized to the corresponding tubulin levels.
(C) Schematic depiction of the five different RDX
isoforms. The regions targeted by dsRNA treat-
ment in S2 cells are indicated. The LacW insertion
of rdx1, the two missense mutations in rdx5, and the splice junction mutation in rdx6 are mapped onto the protein structure.
(D) Western blot addressing CAL1 protein levels in RDX-E depletion experiments in the presence or absence of RDX-B-V5-His overexpression (±CuSO4). CAL1
levels were normalized to actin.
See also Figures S1 and S4.
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CAL1-Dependent Ubiquitylation of CENP-A(Erhardt et al., 2008; Seong et al., 2010; Figure S4A). This argues
for a transient complex of RDXwith CAL1/CENP-A and raises the
question of where and when during the cell cycle the interaction
and ubiquitylation event takes place. We favor a model where
RDX and CAL1 form a transient complex prior to centromere
localization. First, RDX is an unstable protein (data not shown);
second, CENP-A that has not been ubiquitylated by CUL3/
RDX seems unstable, which suggest an early modification event.
Because CAL1 and CENP-A form a prenucleosomal complexes
(Mellone et al., 2011), we suggest that this may also be the time
and place of CENP-A ubiquitylation by CUL3/RDX.
Increased levels ofCENP-A result in segregationdefectsdue to
ectopic kinetochore formation and thus are counteracted by the
E3 ligase SCF/PPA that triggers excess CENP-A for degradation
(Heunet al., 2006;Moreno-Morenoet al., 2006, 2011). In contrast,
CUL3/RDX complexes have the opposite effect and are required
for maintaining centromeric CENP-A levels. Therefore, at least
two E3 ligases are required to cooperatively fine-tune available
CENP-A levels. By coupling the ubiquitylation of CENP-A to the
presence of its loading factor CAL1, the cell might be able to
differentiate betweenCENP-A protein required for loading during
latemitosis and excess protein that must be degraded to prevent
ectopic kinetochore formation (Dunleavy et al., 2012; Mellone
et al., 2011; Schuh et al., 2007). Hence, the ubiquitylation of
CENP-A by CUL3/RDX complexes represents an important
mechanism that ensures that only sufficient amounts of CENP-A
are available for centromere maintenance.
Last, but not least, depleting RDX results in severe mitotic
phenotypes including disturbed nuclear spacing, chromosome
fragmentation, and additional microtubule aster formation. We
believe that some of these phenotypes can at least partially be
attributed to the destabilization of CAL1 and CENP-A protein.
Nevertheless, it will be essential to identify additional targets of
CUL3/RDX to fully understand the importance of the E3 ligase
complex in mitotic processes and therefore genome stability.516 Developmental Cell 28, 508–519, March 10, 2014 ª2014 ElsevierEXPERIMENTAL PROCEDURES
Extended information of the experimental procedures can be found in the Sup-
plemental Experimental Procedures.
Gene Constructs
Plasmids encoding CAL1 or CENP-A tagged with a N-terminal GFP tag and
RDX tagged with a HA tag have been described previously (Erhardt et al.,
2008; Zhang et al., 2006). CAL1RBS1/2mutants were generated by site-directed
mutagenesis. We introduced two point mutations for RBS1 (CAL1690–694)
converting VTSTS to VTATA and four point mutations for RBS2 (CAL1849–853)
converting VTSTT into AAAAA. Inducible gene constructs, such as
dnCUL1–418, were generated by cloning their open reading frames into the
pMT-V5-His vector (Life Technologies) according to the manufacturer’s
protocol. For the YTH experiments, the different CAL1 and RDX constructs
were generated by inserting either BamHI/XhoI or BclI/SalI fragments into
BamHI/XhoI restriction sites of either the pMM5 or pMM6 vector (Schramm
et al., 2000).
Cell Culture and MG132 Treatment
S2 cells weremaintained under sterile conditions at 25C in Schneidermedium
containing 10% heat-inactivated fetal bovine serum and 100 mg/ml penicillin-
streptomycin. Expression of genes under a metallothionein promoter (pMT
vector, Invitrogen) was induced by supplementing the medium with 1 mM
CuSO4. The proteasome was inhibited by treating cells for 8–16 hr with
20 mM MG132 (Santa Cruz Biotechnology).
RNAi and Transfection Experiments
Double-stranded RNA (dsRNA) was produced using the MEGAscript (Ambion)
kit according to themanufacturer’s protocol. RNAiwascarried out asdescribed
previously (Erhardt et al., 2008). In short, 23 106 S2 cells were incubated for 1 hr
with 20 mg dsRNA in serum-free medium. Subsequently, 2 vol of 15% serum
medium was added. Analysis was usually performed 48–72 hr after treatment.
Stable cell lines were generated by cotransfecting a plasmid carrying the
resistance gene for hygromycin with Cellfectin II (Life Technologies). For further
details, see the Supplemental Experimental Procedures.
Indirect Immunofluorescence on S2 Cells and Quantifications
IF was essentially carried out as described previously (Erhardt et al., 2008). For
details, see the Supplemental Experimental Procedures. Microscopy wasInc.
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Figure 7. Model
(A) A Model depicting the role of the E3 ligase
CUL3/RDX in ubiquitylating CENP-A in a CAL1-
dependent manner. The monoubiquitylation of
CENP-A is mediated by CUL3/RDX through an
interaction with the RDX-binding sites (RBS) of
CAL1 and seems essential for stable localization of
CENP-A and CAL1 to centromeres.
(B) In the absence of RDX, CENP-A is not ubiq-
uitylated by CUL3 and both CENP-A and CAL1 are
subject to proteasome-dependent degradation.
Furthermore, the absence of RDX results in cell
death and severe chromosomal aberration (e.g.,
chromosome fragmentation), some of which may
be attributed to the loss of CENP-A and CAL1 from
centromeric regions.
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CAL1-Dependent Ubiquitylation of CENP-Aperformed on a DeltaVision Core system (Applied Precision). Images were ac-
quired with an Olympus UPlanSApo 1003 objective (n.a. 1.4) at binning 23 2.
If not stated otherwise, images were taken as z stacks of 0.2–0.3 mm incre-
ments. All images were deconvolved (ten cycles enhanced aggressive with
noise filtering) and maximum-projected using the Applied Precisions soft-
WoRx 3.7.1 suite. Image quantification was done using ImageJ software.
Nuclear intensities of CAL1 and CENP-A were plotted by marking the nuclear
area based on DAPI staining. These regions of interest (ROIs) were used as
reference area for the channel of interest. The mean intensities of the desired
channel were calculated by adjusting the threshold of the intensities by default
settings and by analyzing the mean intensities relative to the saved ROIs of the
DAPI channel.
For determining the number and intensities of centromeric dots of GFP-
CAL1, a set of plugins developed by the Nikon Imaging Centre, University
Heidelberg was used (available upon request). After marking the nuclear
boundaries in the DAPI channel and saving them with the ROI tool, the spots
in the channel of interest were enhanced using the DoG spot enhancer plugin.
The threshold was adjusted using ‘‘Li’’ instead of default settings. The number
of spots with their mean intensities relative to the nuclear area was determined
using the ROI particle analyzer plugin.
In Vitro Ubiquitylation Assay
In vitro ubiquitylation assays were performed as described previously (Werner
et al., 2013). In short, 0.1 mM premixed His-Sumo-CENP-A/His-Sumo-CAL1
or, alternatively, purified GFP-CENP-A was incubated with 75 mM FLAG-ubiq-
uitin, 170 nMUbe1-His, 1 mMUbcH5b, 5 mMATP (Sigma), and 5% of HA-RDX
immunoprecipitates obtained from 2.0 3 109 S2 cells stably expressing HA-
RDX-B. The reaction was incubated for 2 hr at 30C and stopped with 13 vol-
ume of 23 SDS sample loading buffer.
Antibodies and Western Blot Quantification
The following primary antibodies were used: mouse actin (1:5,000 WB,
Millipore MAB 1501), rabbit H3 (1:2,000 WB, Abcam AB 1791), rabbitDevelopmental Cell 28, 508–51CAL1 (1:2,000 WB, from G. Karpen; Erhardt
et al., 2008), rabbit CAL1 (1:2,000 IF; this study),
chicken CENP-A (1:200 IF and 1:1,000 WB, from
P. Heun), rabbit CENP-A (1:500 IF and 1:1,000
WB, from A. Straight), goat glutathione S-trans-
ferase (1:2,000 WB, Amersham Biosciences), rab-
bit GFP (1:5,000 WB, Abcam AB 290), rabbit HA
(1:2,000 WB, Abcam AB 9110), rat HA (immuno-
precipitation, Roche 3F10), rabbit His (1:10,000,
Invitrogen), mouse tubulin (1:500 IF and 1:5,000
WB, Sigma), mouse V5 (1:1,000 IF and 1:5,000
WB, Invitrogen), and mouse antiubiquitylated pro-
teins (immunoprecipitation, Millipore clone FK2).
Secondary antibodies coupled to Alexa 488, Alexa
546, and Alexa 647 fluorophores (MolecularProbes) were used at 1:500 dilutions for IF, and horseradish peroxidase-con-
jugated secondary antibodies for WB analysis were used at 1:10,000 dilutions.
WBs were quantified using the Quantity One software (Bio-Rad) according
to the manufacturer’s instructions. Generally, the band of interest was normal-
ized to the loading control. For details on the fractionation of S2 cell extract,
see the Supplemental Experimental Procedures.
CAL1 Antibody Production
Amino acids 748–979 of CAL1 cDNA were used for the production of poly-
clonal antibodies in rabbits (see Supplemental Experimental Procedures for
details).
Flies
Fly stocks were kept on standard medium at 18C. While performing crosses,
the vials were shifted to 25C–29C as per required. The following flies were
used: GMR-GAL4/cyo;UAS-cenp-a/TM6B (Heun et al., 2006), GMR-GAL4,
rdx1 (Bloomington), rdx5 and rdx6 (from Joan E. Hooper; Kent et al., 2006),
armGAL4::UAS-a-Cat:eGFP/armGAL4::UAS-a-Cat:eGFP;UAS-Dcr2T10/UAS-
Dcr2T10 (from I. Lohmann), UAS-rdx-RNAi (VDRC/28798), and UAS-cenp-a-
RNAi (VDRC/43857).
The genetic interaction of CENP-A and RDX was addressed by mating
GMR-GAL4/cyo;UAS-cenp-a/TM6B flies to different rdx mutants, respec-
tively. The crosses were kept at 29C before imaging the fly heads of the F1
generation heterozygous for rdx mutation and overexpressing CENP-A on a
Leica M420 macroscope system (Wetzlar, Germany).
RDX or CENP-A depletion in early embryos was induced by crossing arm-
GAL4/UAS-dicer flies with UAS-cenp-a-RNAi or UAS-rdx RNAi flies at 25C.
Embryos (F1) were either collected for 0–6 hr or 2–6 hr on apple-juice agar
plates before performing IF as described previously (Erhardt et al., 2008; Roth-
well and Sullivan, 2000). For further details, see the Supplemental Experi-
mental Procedures. The embryos were imaged on a DeltaVision Core system
(Applied Precision). Images were acquired with an Olympus UPlanSApo 603
or 1003 objective at binning 23 2. If not stated otherwise, images were taken9, March 10, 2014 ª2014 Elsevier Inc. 517
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CAL1-Dependent Ubiquitylation of CENP-Aas single z stacks of 0.5 mm increments and deconvolved and quantified as
described above.
Protein extracts from 0- to 6-hr-old embryos were generated by homoge-
nizing dechorionated embryos in RIPA buffer supplemented with 100 mM
dithiothreitol, 50 mM NaF, 2 mM phenylmethanesulfonylfluoride (PMSF),
1 mM EDTA, 1 mM EGTA, 2 mg/ml aprotinin, 5 mg /ml leupeptin, 1 mg/ml pep-
statin, and 30mMNEM. After sonication (Biorupter, 15 cycles, 30 s sonication/
30 s break, level 5) and benzonase treatment (125 U), samples were cleared by
centrifugation (30min/13,200 rpm/4C) and the supernatant was analyzed on a
protein gel.
Immunoprecipitation
The purification of HA-RDX immunoprecipitates that were used for the in vitro
ubiquitylation assay was carried out as described previously (Werner et al.,
2013). Anti-HA coIP was performed using whole-cell extracts from 2.0 3 108
S2 cells expressing HA-RDX. Lysis was done in two pellet volumes of
50 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 10 mM NaF, 2 mM
PMSF, 2 mg/ml aprotinin, 5 mg /ml leupeptin, and 1 mg/ml pepstatin. Lysates
were cleared by centrifugation for 30 min at 13,200 rpm before incubating it
for 3 hr at 4Cwith 1 mg of HA-antibody (Roche) covalently coupled to agarose
G beads. After washing the beads six times in 20 vol lysis buffer, bound pro-
teins were eluted in 2 vol of 23 SDS sample loading buffer.
GFP-tagged CENP-A was isolated using a GFP-specific single chain anti-
body coupled to NHS-activated Sepharose (GBP) (Rothbauer et al., 2008). A
total of 1.0–2.0 3 108 LAP-CENP-A cells were lysed in two pellet volumes of
20 mM Tris (pH 7.5), 1% NP-40, 250 mM NaCl, 2 mM PMSF, 20 mM NEM,
10 mM NaF, 2 mg/ml aprotinin, 5 mg /ml leupeptin, and 1 mg/ml pepstatin. After
clearing the lysate by centrifugation, it was incubated for 3 hr at 4C with 20 ml
GBP. The beadswere washed six timeswith lysis buffer without NEMand used
for the in vitro ubiquitylation assay.
To purify ubiquitylated CENP-A-V5-His from S2 cells, CENP-A-V5-His
expression was induced for 48 hr by adding 1 mM CuSO4 to the medium. A
total of 1.0-2.0 3 108 cells were lysed in 20 mM sodium phosphate (pH 7.4),
500 mM NaCl, 1% NP-40, 20 mM imidazole, 2 mM PMSF, 20 mM NEM,
10 mM NaF, 2 mg/ml aprotinin, 5 mg /ml leupeptin, and 1 mg/ml pepstatin. After
clearing the lysate by centrifugation, His purification was performed using His
SpinTrap columns (GE Healthcare) according to the manufacturer’s instruc-
tions. The eluate of 200 ml was supplemented with 10 volumes of RIPA buffer
supplemented with 20 mM NEM and protease inhibitors. Antiubiquitylated
protein pull-downs were performed by incubating the previously purified
CENP-A-V5-His protein for 3 hr at 4C with 1 mg of FK2 antibody (Millipore).
Protein A-Sepharosewas added for 30min before washing the beads six times
in 20 vol of RIPA buffer. Elution was performed in 2 vol of 23 SDS sample
loading buffer.
Protein Purification
Full-length CAL1 and CENP-A were cloned into pCA528 vector using BsaI/
NotI (CAL1) or BsaI/XhoI (CENP-A) restriction sites (Andre´asson et al., 2008).
His-Sumo-CAL1 protein production was induced by addition of 10mM isopro-
pyl-b-D-thiogalactoside overnight at 15C. Cells were washed once with PBS,
then lysed with 2 volumes of phosphate buffer (0.1 M; pH 8) containing 2 M
NaCl, 2 mM imidazole, 1 mM DTT and supplemented with 1 mg/ml lysozyme,
125 U benzonase and antiprotease tablet (Roche) for 1 hr at 4C. After sonicat-
ion (Biorupter, ten cycles, 30 s sonication/30 s break, Level 5) and clearing, the
lysate was then incubated with nickel beads (ABT) equilibrated in lysis buffer
for 1.5 hr at 4C. The beads were washed five times in lysis buffer containing
20 mM imidazole for 5 min. The protein was eluted with lysis buffer containing
250 mM imidazole. To remove the imidazole, the eluate was dialyzed against
0.1 M sodium phosphate buffer containing 10% glycerol. His-Sumo-CENP-A
was purified from BL21 bacteria using a Protino LDA column (Macherey-
Nagel) following the manufacturer’s instructions and then dialyzed against
LEW buffer (50 mM NaH2PO4, 300 mM NaCl [pH 8]) supplemented with 10%
glycerol.
YTH
Protein-protein interactions were tested using pMM5 and pMM6 fusion
constructs and the yeast strain SGY37VIII. The YTH was performed as
described previously (Schramm et al., 2000). In short, interactions were judged518 Developmental Cell 28, 508–519, March 10, 2014 ª2014 Elsevierbased on the activity of b-galactosidase that results in the conversion of X-Gal
(5-bromo-4-chloro-3-indolyl-b-D-galactosidase) into a blue dye. For details,
see the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2014.01.031.
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